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Abstract—In this paper we present a model which allows to
co-evolve the morphology and the control system of realistically
simulated robots (creatures).  The method proposed is based on
an artificial ontogenetic process in which the genotype does not 
specify directly the characteristics of the creatures but rather
the growing rules that determine how an initial artificial 
embryo will develop on a fully formed individual. More 
specifically, the creatures are generated through a
developmental process which occurs in time and space and
which is realized through the progressive addition of both 
structural parts and regulatory substances which affect the
successive course of the morphogenetic process. The creatures
are provided with a distributed control system made up of 
several independent neural controllers embedded in the
different body parts which only have access to local sensory
information and which coordinate through the effects of
physical actions mediated by the external environment through
the emission/detection of signals which diffuse locally in space. 
The analysis of evolved creatures shows how they display
effective morphology and control mechanisms which allow
them to walk effectively and robustly both on regular and
irregular terrains in all the replications of the experiment.
Moreover, the obtained results show how the possibility to
develop such skills can be improved by also selecting 
individuals on the basis of a task-independent component
which reward them for the ability to coordinate the movements
of their parts.

I. INTRODUCTION

HE attempt to evolve complete artificial creatures (i.e.
embodied and situated agents in which both

morphological and control characteristics are adapted during
the evolutionary process) has been and still represents a key
long term goal for the Artificial Life and Evolutionary
Robotics community.

After the pioneering work of Karl Sims [1-2], who 
demonstrated the feasibility of the idea, and the related
model of Lipson and Pollack [3], who demonstrated how 
complete agents evolved in simulation could enter in the

physical world through a semi-automatic manufacturing
process, several other researchers attempted to developed
models that could be more effective [4]-[8], [10]. The issue 
of whether these methods can be scaled up to tackle non–
trivial problems and/or can be competitive with respect to
alternative methods (for example with respect to methods in
which parts of the characteristics of the robots are designed
by the experimenter) still remains an open question.
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The possibility to make progresses, in this respect,
crucially depends from the possibility to identify a 
genotype-to-phenotype mapping with the following
characteristics: evolvability, expressivity, and simplicity. By 
evolvability we mean that the probability that genetic
variations lead to improvements of creatures’ adaptive skills
should not be too low. By expressivity we mean that
variations at the level of the genotype should potentially lead
to a large number of possible alternative solutions with
respect to both the space of possible morphologies and the 
space of possible control systems. By simplicity, we mean
that the rules that determine the relation between the
genotype and the phenotype should be as simple as possible
so to avoid the need, from the point of view of the
experimenter, to deal with too many parameters to be chosen
and optimized.

In this paper we describe a model which permits the co-
evolution of the morphology and the control system of
realistically simulated artificial creatures which are evolved
for the ability to locomote on flat and irregular terrains. The
method is characterized by the following features:

(i) An indirect encoding in which the genotype does not
specify directly the characteristics of the phenotype but
rather the way in which the embryo develop into a full
formed individual in a realistic 3D space in which physical 
objects cannot overlap (as in most of the models referenced 
above).

(ii) The presence of regulatory processes which are 
realized through the synthesis in space of genetic products 
which later affect the morphogenetic process (as in [9]).

(iii) The adoption of a highly distributed approach in 
which robots are made up of several independent neural
controllers embedded in the different body parts which only
have access to local sensory information and which 
coordinate so to exhibit a coherent and effective behaviour.
More precisely, the different body parts coordinate through
the effects of physical actions mediated by the external
environment through the emission/detection of signals
which diffuse locally in space. 

(iv) The adoption of a relatively simple formalism which
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attempt to maximize the need to keep the model as simple as 
possible and the number of parameters as small as possible.

(v) The use of a selection criterion which also includes a 
task-independent component which favor the evolution of 
the required skill. More precisely the fitness function used
include two components which reward the robots for the
ability to accomplish the desired task (locomote at the 
highest possible speed, in the case of the experiments
performed) and for the ability to coordinate the movements
of their parts (for more details see below). 

The model proposed is loosely inspired by evolutionary-
ancient biological organisms which are not provided with a 
central nervous system and by simple organisms, such us
stick insects [18] which display a high degree of
decentralization. Our goal, however, is not that to model
specific biological organisms, but rather to identify general
mechanisms which can lead to the autonomous design of 
complete and evolvable artificial systems based on local
distributed control. In particular, we aim to investigate
whether creatures with high distributed organization formed
by a collection of elements, which operate independently on 
the basis of local information, are evolvable, and if this
evolvability results in creatures capable to perform requested
task.

The analysis of the obtained results demonstrates how the
method proposed allowed the synthesis of effective and 
robust behaviours after relatively short number of
generations in all the replications of the experiments.
Moreover, the analysis of the best evolved individuals
demonstrates how the evolutionary process lead to the
generation of a wide range of morphological structures and 
walking styles. The obtained results confirm the hypothesis
that the use of an additional task-independent component,
that reward the robots for coordinating the movement of
their parts, facilitate the evolution of effective behaviours.
Finally, the analysis of the characteristics of the robots
throughout generations indicates that the major transitions 
during the evolutionary process typically involve significant
variations of the robots morphology which enable the
conditions for the synthesis and the retention of several
adaptive variations during the immediate successive 
generations.

II. MODEL DESCRIPTION

In this section we describe the developmental process that
determines how creatures develop from a single elementary
unit into complete creatures provided with an articulated
body, sensors, and actuators. In the following sub-sections
we describe the genotype of creatures (initial embryo,
growing rules and distributed control system) and the
evolutionary process. 

A. Genotype: Embryo
At the beginning of the developmental process, creatures

consist of an initial  ‘embryo’.

Figure  1: (a) an elementary unit; (b) the orthogonal planes representing the 
area of maximum concentration of the corresponding regulatory substances 

, , and ; (c) concentration distribution of the three corresponding
regulatory substances.

Each embryo (see Figure  1) is composed of an 
elementary unit (a cupped cylinder with a length of 5.4 cm
and a diameter of 1.4 cm), and three regulatory substances,
( , , and ) distributed inside and outside the elementary
unit.

The concentration of regulatory substance varies with
respect to the distance from the plane of the maximum
concentration. More precisely, the planes that determine the 
concentration of the three regulatory substances intersect the
first elementary units and are oriented along the three main
axis (Figure  1b) and the concentration of the three 
regulatory substances varies linearly along the left-right,
dorsal-ventral and the rostral-caudal axis, respectively, with
concentration of 1.0 on the corresponding plane which
linearly decrease up to 0.0 for distances equal or greater than 
the maximum propagation range of the corresponding
substance (D , D , and D ).

The first elementary unit is identical for all individuals
and is not subjected to the evolutionary process whereas all
data regarding regulatory substances (plane position and 
rotation, and maximum propagation) are encoded inside the
genotype.

B. Genotype: Growing Rules
Each genotype encodes 15 developmental rules and a

vector of 15 indexes which indicates the order with which
the developmental rules are executed. 

All rules comply with the same pattern that is formed by a 
condition part and an action part which is executed in the
location/s of the current embryo where the condition part
holds. The condition part encodes the regulatory substances
(within the following possibilities [ , , , ]) and the
concentration of the substances (within the range [1.0, 0.0])
which leads to the execution of the action part. Since at each
given stage of the developmental process, the condition part
might be valid in any, one, o es: add-unit action and add-
regulatory-substance action.
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Figure  2: (a) An example of the plane in which the substance has the
maximum distribution and of the circular surface in which the condition is 
satisfied. (b) An exemplification of the six points in which new elementary
units can be attached. (c) An exemplification of a case in which the 
condition is satisfied at one of the ends of the elementary units. (e) An
exemplification of the way in which the new element is attached in case (d). 

The add-unit action adds from 0 to 6 elementary units in
the location/s of the current embryo in which the condition
part hold/s. A preliminary check has been done before
adding new elements. In particular, if new element does not
intersect any existing elements then it will be added,
otherwise it will be discarded.
The parameters of this action include:
(1) Six binary values which encode whether or not the

elementary units are grown along six possible
perpendicular orientations (0°, 60°, 120°, 180°,
240°, 300°) with respect the longitudinal axis of the
circular surface in which the condition holds (Figure 
2a, b, c). When the condition is satisfied at one of 
the end points of the cylinder, the new elementary
unit grows along the same axis of the elementary
unit in which the condition is satisfied (Figure  2d,
e).

(2) An integer value which determines whether the new
elementary units are connected through a fixed joint
or a motorized joint with one degree of freedom
(DOF) within the following possible cases (x, y, or
z) and within the following limits [ -30°: +30°]. The
maximum force and the maximum velocity applied
to the motorized joint correspond to 404 Nm and 9,6
rad/sec respectively. 

(3) A vector of values which encodes the connection
weights and biases of the artificial neural network
(see below) which control the corresponding DOF 
(if any). Each parameter is encoded with 8 bits and 
normalized in a floating point value in the range
[-15.0, +15.0]. This implies that the neural network
controllers which are generated through the same
rule have the same characteristics whereas those that 
are generated by different rules might differ.

The add-regulatory-substance action adds a new 
regulatory substance with a concentration which varies
proportionally to the distance with respect to a new plane.
This new plane is created in the point in which the condition
is satisfied with the same orientation of the regulatory
substance which triggered the execution of the action.

(Figure  3).
The parameters of the add-regulatory-substance actions

include:
(1) An integer value in the range [0, 3] which encodes 

the type of regulatory substance added. 
(2) A floating point value in the range [3.0, 8.0] that

encodes the size of the plane which determines the
diffusion of the regulatory substance.

Figure  3: New source substance is added 

C. Genotype: Neural Controller
Each elementary unit provided with a motorized joint

includes a neural network controller with a fixed
architecture consisting of five sensory neurons directly
connected to five motor neurons (Figure  4). 

The neural controller has access to the current angular 
position of the corresponding joint and regulates the
frequency of oscillation of the joint. Neural modules are also 
allowed to communicate between themselves by producing
up to four different signals and by detecting the signals
produced by other neural controllers located within a 
maximum Euclidean distance. 

Figure  4: The architecture of neural controller 

The first sensory neuron encodes the current angular
position of the corresponding motorized joint (normalized in
the range [-1.0, 1.0]). The other four sensory neurons 
encode how many signals produced by other neural modules
are detected. Each neural module can produce four different
signals (A, B, C, and D) that diffuse and can be detected up 
to a certain distance (DA, DB, DC, and DD in the case of 
signals A, B, C, and D respectively). Detection is a binary
value, and the total sum of detected signals is normalized in
the range [0.0, 1.0].

The desired position of each joint is determined by a 
sinusoidal oscillator with a frequency that is initially
assigned randomly in the range [7.0, 14.0]Hz and that is
later increased or decrease in each time step within the same
range on the basis of the current output of the corresponding
neural controller. More precisely the frequency increases in
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the range [0, 1.4]Hz for outputs in the range (0.5, 1.0], and 
drecreases in the range [0, -1.4]Hz, for outputs in the range 
(-0.5, -1.0]. The other four output neurons are threshold 
units which determine whether the signal A, B, C. and D are 
produced (value is 1) or not (value is 0). For more details on 
this type of neural controllers and for an analysis of how 
signals can lead to coordination in a distributed system used 
to control a robot with a fixed morphology see [13][14]. 

D. The Evolutionary Process 
The initial population consists of 100 genotypes. Each 

genotype includes a set of genes which encode the initial 
substances in the embryo, the developmental rules and the 
vector which determine the order with which rules are 
executed. Parameters are randomly generated within the 
corresponding intervals. 

The 20 best genotypes of each generation are allowed to 
reproduce by generating five copies each (elitism is applied 
in firsts five genotype only). During reproduction each gene 
is mutated (i.e. replaced with a new randomly selected value 
in the corresponding range) with a probability of 3%. 
Moreover, each element of the vector which encodes the 
indexes and the order with which developmental rules are 
expressed can be moved at the end of the vector with a 
probability of 2%.  In order to increase the level of 
variability, the 10 worst-fitting individuals are replaced by 
new randomly generated ones every 50 generations To 
introduce more variability every 50 generations the 10 
individuals with the worst fitness are replaced with new 
randomly generated ones (preliminary analysis indicate that 
this increase variability during the first generations only, 
since the probability that these randomly generated 
individuals will be selected becomes very low in successive 
generations).  

The evolutionary process lasts for 500 generations (i.e. 
the process of testing, selecting and reproducing robots is 
iterated 500 times). Each individual genotype is allowed to 
develop in a free space into the corresponding phenotype 
and is tested in the environment for 5 trials (2 trials on a flat 
terrain and 3 trials on an irregular terrain).

At the beginning of each trial the current phase and the 
current frequency of oscillation of each joint is set randomly 
within the corresponding range and the creature is placed at 
a height of approximately 5.5 cm from the ground (i.e. this 
implies that creatures should be able to stand on the 
posture/s in which they are able to locomote). Creatures are 
then allowed to move for 6000 time steps lasting 1.5ms 
each.

For each time step the state of the sensors and of the 
motors of each neural controller, the torque exerted by the 
motorized joints, and the dynamics of the 
creature/environmental interaction are updated. Creature and 
creature/environmental interactions are simulated by using 
the ODE dynamical simulation engine [19]. 

The fitness formula includes two components which score 

individuals for the ability to move as fast as possible and for 
the ability to produce coordinated movements. The first 
component is calculated by measuring the Euclidean 
distance travelled by an individual during its lifetime from 
time step 2000 on (i.e. the distance travelled during the first 
phase in which the creatures fall down and start coordinating 
does not effect their fitness). The second component consists 
of the average mutual information [20] calculated between 
the current frequency of oscillation of each couple of joints. 

The total fitness is computed by normalizing, in the range 
[0.0, 1.5] the value of the two components with respect to an 
estimation of the maximum distance which can be travelled 
by a creature and with respect to the theoretical maximum of 
the mutual information, respectively. 

III. RESULTS

In the next three sections we describe; (A) the results 
obtained by running 10 replications of the experiment based 
on the model described above, (B) the results obtained in 
other control experiments in which we analyzed the effect 
obtained by varying some of the characteristics of the model 
proposed, (C) the results obtained by analyzing the course of 
the evolutionary process. 

A. Results 
From a qualitative and quantitative analysis of the 

performance of the best individual of the last generation, in 
each replication we observed that all individuals evolve an 
ability to locomote effectively (Table 1). The average 
distance covered by individuals varies for different 
replications and achieves appreciable results in the case of 
the best replications. Performance also differs with respect 
to type of terrain (Table 1). In some replications individuals 
display an ability to move effectively on both types of 
environments. 

By analyzing the morphology of evolved creature (Figure 
5) and the number of DOFs (Table 1) we can see how the 
evolutionary process leads to a large variety of 
morphological structures. This indicates that the model 
chosen has a good level of expressiveness. As can be seen 
from the figure, the evolved morphologies show a high 
degree of symmetry. This characteristic can be explained by 
considering that in the model proposed the developmental 
process occurs in the 3D space and is governed by 
regulatory substances which have a distribution which is 
symmetrical with respect to the plane of maximum 
concentration.

We can also observe how all evolved creatures are 
provided with morphologies which allow them to avoid 
falling on a side or tipping over, and which allow them to 
master obstacles of various sizes in irregular terrains. By 
visually inspecting the behavior of evolved creatures (see 
the movies available from http://laral.istc.cnr.it/esm/dros1-0) 
we can identify three phases: (a) an initial phase in which 
the creature falls on the terrain by assuming a certain 
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posture, (b) an intermediate phase in which the movements
of the joints, which are initially not-coordinated, become
coordinated, (c) a final phase in which the creature is
coordinated, move at its full speed, and try to compensate
the perturbations which occur during motion (which tend to
reduce the level of coordination).

Figure 5: Morphology of the best evolved creatures of each replication of 
the experiment. Some creatures are shown on the flat and some creatures are
shown on the irregular terrain. The grey scale colours of the segments and 
of the joints correspond to the id of the developmental rules which

generated them. Joints of the same colour are provided with identical neural
controllers. A true colour version of this picture is provided in the following 
web page: http://laral.istc.cnr.it/esm/dros1-0.

During the first phase, all the creatures (with the
exception of replications r2 and r4, which are illustrated
below) show an ability to assume a precise posture, after 
falling down on the ground, from which they are able to
coordinate and locomote. This is accomplished thanks to the
fact that the evolved morphologies are suitable both to stand
on a preferred posture and to walk from that posture. Indeed,
some of the evolved morphologies display segments which
do not play a major role (or any role) for locomotion but
which reduce the risk of tipping over (see for example r9). 
In some cases, creatures are able to assume more than a 
single posture from which they can locomote effectively. 
This is the case of creatures r2 and r4 which can assume two
and four legged postures respectively, from which they can
walk equally well. 

During the second phase, all creatures show an ability to
coordinate on an effective gait (with the exception of 
creature r0 and r3 which succeeds in only part of the trials). 
Some of the creatures (r7 and r9), do not use signals and
coordinate by only exploiting the effects of the forces
applied to each joint, mediated by the collisions with the 
external environment, on the posture assumed by the entire
creature and the angular position of each of its joints. These
physical interactions, in fact, codetermine the current state 
of each joint which, in turn, affects the propriosensors of 
each corresponding neural controller and thus the output of
the neural controller itself which determines the desired
speed of oscillation of the corresponding joint. It is
important to note that this ability to coordinate depends on
two aspects: (a) an ability to modify the frequency of
oscillation of each joint on the basis of the actual position of
the same joint which is determined by its previous position,
by the previous postures of the entire creature, and by the 
previous actions executed by each joint, (b) the morphology
of the creature.

The rest of the creatures (r0, r1, r2, r3, r4, r5, r6, r8) 
mainly exploit signals to coordinate. The analysis conducted
indicate that coordination is achieved by producing signals
which encode information about the current position of the 
joint emitting the signals and which are used by the neural
controllers of the joints receiving the signal to regulate their 
speed of oscillation so to improve the coordination between
the different part of the creature. For a detailed analysis of 
how a similar type of coordination process is achieved in
robots with a fixed hexapod morphology provided with a 
similar distributed control system, see in [13] [14].

During the third phase, a qualitative observation of
creatures’ behavior indicate that they move at their full
speed in a coordinated manner by compensating for relative
misalignments between the joints which originate during
motion especially in irregular terrains. Evolved creatures
differ significantly in the way in which they locomote (see
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movies available from http://laral.istc.cnr.it/esm/dros1-0). In
particular, we can identify three families of locomotion
styles: (1) a quadruped gait style (displayed by r0, r4, r6 and
r9); (2) a jumping style (displayed by r1, r3, r7, r9); (3) a
dragging style in which the effect of the friction between un-
actuated elements and the ground is minimized or 
maximized when the pulling legs are moving in the direction
of motion or in the opposite direction (displayed by r2 and
r5). As can be observed by inspecting the morphology and 
the behavior of evolved creature, the control mechanisms
and the developmental rules are tightly co-adapted.

Covered
Distance (cm)

Mutual
Information

Flat
Terrain

Irregular
Terrain

Flat
Terrain

Irregular
Terrain

DOF Signals

r0 84.4890 54.3952 0.0137 0.0054 10 4
r1 73.3929 40.2574 1.5745 1.4689 5 4
r2 49.8966 25.4535 1.0629 1.1363 6 4
r3 79.1521 45.7687 0.0107 0.0090 15 4
r4 71.6282 59.7889 0.7690 0.6650 20 4
r5 62.1776 41.8614 0.2337 0.1038 4 4
r6 145.091 84.8877 0.0234 0.0230 10 2
r7 81.5839 71.2868 0.0029 0.0018 8 3
r8 134.195 87.2367 0.0244 0.0194 14 3
r9 46.3102 40.7141 0.0681 0.0718 8 3
Table 1: Performance and characteristics of the best evolved individuals of 
each replication. Covered distances values indicate the average distance in 
cm covered by creatures during 4000 steps (6 sec) after 2000 step from the
beginning of each trial. During the test creatures have been situated for 50
trials on a flat terrain and 50 trials on a irregular terrain. Mutual information
(DOF) values indicate the average mutual information calculated on each 
couple of joint. DOF indicate the number of DOF possessed by the
individual. Signals indicate whether the possibility of the neural controller 
of each joint to produce signals and to regulate the current speed on the 
basis of detected signal is used or not by the evolved creature.

B. Variations of the model and their effect
To investigate how some of characteristics of the model
described in the previous section influence the obtained
results we have conducted a series of experiments in which
we tested systematic variations of the model and in which
variations has been retained or discarded on the basis of
their effects in the observed results. 

In most of test experiments, the variations considered did
not produced significant effects. Below we restrict our
analysis to the variations that produced the most significant 
effects on the agent’s morphology/behaviour and which
highlights the crucial role of some of the model parameters
or features. One of these variations concerns the 
introduction of the mutual information component in the
fitness function. By comparing the results obtained in the
experiment described above and in a control experiment in
which evolving creatures were only rewarded for the ability
to locomote, we observed that the creature evolved in the 
experiment in which the fitness include the Mutual
Information component display better performance on the
average but lower performance with respect to the best

replication (Table 2).
The comparison between the performance exhibited by

the best individuals of all replications of the experiment with
and without mutual information indicates that, while in the
former case all individuals display reasonably good 
performance on both flat and irregular terrains, in the latter
case many individuals display good performance on flat but
rather poor performance on irregular terrains. These 
differences are also reflected in the morphology which, in
the latter case, is generally simpler and in the behaviour
which, in the latter case, involves jumping or rolling 
strategies but never walking strategies.

Flat
Terrain

Uneven
Terrain

Ave 82.791 cm Ave. 55.165 cmExperiment
with M.I. Best 145.091 cm Best. 84.887 cm

Ave. 86.3055 cm Ave. 46.0613 cmTest 1
without M.I. Best 149.434 cm Best. 121.839 cm

Table 2: The values indicate the average distance in cm covered during 
4000 steps (6 sec) after 2000 step from the beginning of each trial by the 
best individuals of 10 replications (Ave) and by the best individual of the 
best replication (Best) on flat and uneven terrains. All data refer to
performance measured with respect to the distance traveled only.

Overall these data indicates that the addition of mutual
information channel the evolutionary process toward types
of solution which are more complex with respect to the
morphology, more robust on the average with respect to
different environmental conditions, less sensitive to the
characteristics of the initial population, but not necessarily 
better in terms of performance (at least in the case of this
task/environment).

Figure  6: Examples of morphology of the best evolved creatures in test 
experiments in which creatures were evolved solely on flat terrain.

A second important variation consisted in the type of
environment (flat and/or irregular) in which the creatures are 
evolved. The analysis of the results observed in a control
experiment in which the creatures were evolved solely on 
flat terrain indicates that in this case the creatures tend to 
develop simpler morphologies which are less effective and 
which only work properly on flat terrains  (see Figure  6). 
This data indicate that the complexity of the environment
represents a crucial prerequisite for the development of
effective creatures. 

A third important variation consisted in increasing the
number of orientations in which new segments can grow 
from four (0°, 90°,180°, 270°) to six (0°, 60°, 120°, 180°, 
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240°, 300°) orientations. The analysis of the results obtained
in a control experiment in which there were only four 
possible orientations indicates that evolved creatures are
much less stable, on average, with respect to the baseline
experiment. Moreover, the evolved morphologies are much
simple and less effective with respect to the basic
experiment. This confirms the hypothesis that the
expressiveness of the model might play a crucial role on the
obtained results.

C. Analysis of the evolutionary process 
To analyze the course of the evolutionary process we 
investigate, for each replication of the experiment, how the
performance, the morphology, and the behaviour exhibited
by the best creatures vary throughout generations. Rather
than analysing the characteristics of the best individuals of 
each generation, for each replication, we reconstructed the
lineage (i.e. the 499 ancestors) of the best individual of the
last generation which includes only the genetic variations
which have been retained in successive generations.

Figure 7 Average distance traveled and average mutual information of the 
ancestors of the best individual of the last generation of replication r0
throughout 500 generations..The full line indicates the distance traveled in
cm. The dotted line indicates the mutual information (normalized in the 
range [0.0, 1.5]). The four vertical lines at generation 17, 218, 313, and 328 
indicate the four major transitions with respect to morphological changes.
The pictures at the bottom indicate the morphology of the individuals of the 
corresponding generations.

The analysis of these data indicates that, as for the case of

replication r0 (see Figure 7):
(i) After the first generations, the morphology of the

creatures undergoes a few crucial adaptive changes (at
generation 17, 218, 314, and 318 in the case of r0), which
represents crucial transition in the evolutionary process
while remains rather stable between the phases that precede 
and follow transitions.

(ii) Once the performance of creatures increases, the
probability of observing variations of the morphology which 
are adaptive become progressively lower. For this reason,
after the first part of the evolutionary process, the
occurrence of a major transitions which produce a 
significant modification of the morphology often arise as a 
result of variations which are retained despite they are 
maladaptive but which later become adaptive thanks to the
verification and retention of further changes (as in the case 
of the variations occurring between generation 314 and
generation 318 in the case of r0). 

(iii) Mutual information tends to increase and then
decrease during the initial and final phase of the
evolutionary process, respectively (as in the case of r0). This
can be explained by considering that the optimization of the
distance travelled tend to interfere with the need to vary the
desired speed of the joint in a coordinated manner. This data
confirm the observation reported above which indicate that
the attempt to maximize mutual information channel the
evolutionary process toward the development of creatures
which are able to coordinate the movements of their part,
which in turn tend to lead to effective solutions. On the other
hand the attempt to optimize mutual information interferes
with the need to optimize the locomotion behaviour.

IV. DISCUSSION AND FUTURE WORK

We presented a model which allows to co-evolve the
morphology and the control system of realistically simulated
creatures. The method proposed is based on an artificial
ontogenetic process in which the genotype does not specify
directly the characteristics of the creatures but rather the 
growing rules that determine how an initial artificial embryo
will develop on a fully formed individual. More specifically,
the creatures are generated through a developmental process 
which occurs in time and space and which is realized
through the progressive addition of both structural parts and 
regulatory substances which affect the successive course of
the morphogenetic process. The creatures are provided with
a distributed control system made up of several independent
neural controllers embedded in the different body parts
which only have access to local sensory information and
which coordinate through the effects of physical actions
mediated by the external environment through the
emission/detection of signals which diffuse locally in space. 

The analysis of the obtained results demonstrates how the
method proposed allow the synthesis of effective and robust
solutions which allow the evolved creature to effectively
locomote both on flat and irregular terrains after relatively
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short number of generations in all the replications of the 
experiment. This general capability involves a capacity of 
assuming a preferred posture (by avoiding to fall on a side 
or to tip over), a capacity of coordinating the movement of 
several body parts so to produce a coherent behavior which 
allow the creatures to locomote, and a capacity to keep 
moving in a coordinated manner while compensating the 
perturbations which arise during motion and during the 
interaction with obstacles of variable size in the uneven 
terrain.  

The fact that evolving creatures display good performance 
in all replication of the environment indicates that the model 
proposed guarantees a good level of evolvability. The fact 
that the evolved creatures display a variety of different 
morphologies and a variety of behavior strategies indicates 
that the model proposed display a good level of 
expressiveness. Finally, the relative simplicity of the model 
allowed us to test several variations of the model itself in 
order to identify the features and the parameters of the 
model which play an important role.  

Interestingly, the analysis of the results obtained indicate 
than increasing the complexity of the task/environment (i.e. 
by asking the creature to locomote both on a flat and an 
irregular terrain rather than only on a flat terrain) might 
improve the performance of the evolved creatures also with 
respect to their ability to walk on a flat terrain.  

The obtained results also demonstrates how the use of a 
task-independent measures (in the case of the experiment 
reported in this paper, the possibility to reward evolving 
individuals on the basis of the average mutual information 
computed between the output of each couple of neural 
controllers) combined with task-dependent measures (in this 
case the distance traveled by creatures within a limited time 
interval) can facilitate the maximization of the task 
dependent criteria (on this point see also [21]). More 
precisely, the inclusion of the task-independent component 
in the fitness function lead to solution which are more robust 
(with respect to environmental variations) and less sensitive 
to the initial conditions which, however, are not necessarily 
better in terms of absolute performance.  

Finally, the analysis of the evolutionary process indicate 
how, after the very first generations, the morphology of 
evolved creatures tend to remain rather stable beside few 
significant changes which represent major transitions in the 
evolutionary process.  

In future work we plan to analyze in more details the 
characteristics of the evolutionary process by also 
identifying quantitative measure for analyzing how 
evolvability varies throughout generations. Moreover, we 
plan to analyze in more details how the different parts of the 
creature coordinate, which are the principles that regulate 
how the morphology and the control system are co-adapted, 
and to what extent evolved creatures rely on form of  
morphological computations [22].  

REFERENCES

[1] K. Sims, “Evolving virtual Creatures”, Computer Graphics, vol. 28, 
pp. 15-34, 1994. 

[2] K. Sims,  “Evolving 3D morphology and behavior by competition. In 
Proc. Artificial Life IV, MIT Press, Cambridge, MA, 1994, pp 28-39. 

[3] H. Lipson and J.B. Pollack, “Automatic design and manufacture of 
artificial life forms”, Nature, vol. 406, pp. 974-978, 2000. 

[4] G.S. Hornby and J.B. Pollack, “Body-Brain Co-evolution using L-
systems as a generative encoding”. In Proc. of the Genetic and 
Evolutionary Computation, Morgan Kauffman, San Francisco, CA, 
2001, pp. 868-875. 

[5] G.S. Hornby and J.B. Pollack, “Creating High-Level Components 
with a Generative Representation for Body-Brain Evolution”, 
Artificial Life, vol. 8, no. 3, pp.223-246, 2002. 

[6] J. Ventrella, “Explorations in the emergence of morphology and 
locomotion behaviour in animated characters”, In Proc. Artificial Life 
IV, MIT Press, Cambridge, MA, 1994, pp 436-441. 

[7] M. Komosinski and S. Ulatowski, “Framsticks: Towards a Simulation 
of a Nature-Like World, Creatures and Evolution”. In Advances in 
Artificial Life, LNAI vol. 1674, J.D. Nicoud, D. Floreano and F. 
Mondada, Ed. Berlin:Springer-Verlag, 1998, pp. 261-265. 

[8] P. Eggenberger, “Evolving morphologies of simulated 3D organisms 
based on differential gene expression”, In Proc. of the Fourth 
European Conference on Artificial Life, MIT Press, Cambridge, MA, 
1997, pp 205-213. 

[9] J.C. Bongard and R. Pfeifer, “Evolving complete agents using 
artificial ontogeny”. In Morpho-functional Machines: The new species 
(Designing Embodied Intelligence). F. Hara and R. Pfeifer Ed. Berlin: 
Springer-Verlag,  2003, pp. 237-258. 

[10] K.O. Stanley and R. Miikkulainen, “A Taxonomy for artificial 
embryogeny”,  Artificial Life, vol. 9, no. 2, pp. 93-130, 2003. 

[11] S. Kumar and P.J. Bentley On Growth, Form and Computers.
Amsterdam: Elsevier Academy Press, 2003. 

[12] S. Wischmann, M. Hulse and F. Pasemann, “(Co)evolution of 
(De)centralized neural control for a gravitationally driven machine”. 
In Advances in Artificial Life, LNAI vol. 3630, M. Capcarrere, A.A.  
Freitas, P.J. Bentley, C.G. Johnson and J. Timmis Ed. Berlin:Springer-
Verlag, 2005, pp. 179-188. 

[13] M. Mazzapioda and S. Nolfi, “Synchronization within Homogeneous 
Neural Modules Controlling a Simulated Hexapod Robot”, In Proc. 
Artificial Life X, MIT Press, Cambridge, MA, 2006, pp. 199-205. 

[14] M. Mazzapioda and S. Nolfi, “Synchronization and Gait Adaptation in 
Evolving Hexapod Robots”. In Proc. of the Nineth International 
Conference on Simulation of Adaptive Behavior - From Animals to 
Animats 9, Springer-Verlag, Germany, 2006, pp 113-125. 

[15] M.R. Elphick, G. Kemenes, K. Staras and M. O’Shea, “Behavioural 
role for nitric oxide in chemosensory activation of feeding in a 
mollusc”, Journal of Neuroscience, vol. 15, no. 11, pp. 7653-7664, 
1995. 

[16] M.R. Elphick, L. Williams and M. O’Shea, “New features of the 
locust optic lobe: evidence of a role for nitric oxid in insect vision”, 
Journal of Experimental Biology, vol. 199, pp. 2395-2407, 1996. 

[17] P. Husbands, A. Philippides, T.M.C. Smith and M. O’Shea, “Volume 
Signalling in Real and Robot Nervous Systems”, Theory in 
Biosciences, vol. 120, no. 3-4, pp. 253-269, 2001. 

[18] H. Cruse, T. Kindermann, M. Schumm, J. Dean and J. Schmitz, 
“Walknet: a biologically inspired network to control six-legged 
walking”, Neural Network, Special Issue, vol. 11, no. 7-8, pp. 1432-
1447, 1998. 

[19] Open Dynamic Engine. Available: www.ode.org
[20] C. E. Shannon, “A Mathematical Theory of Communication”. Bell

System Technical Journal, vol. 27, pp. 379-423, 623-656, 1948. 
[21] M. Prokopenko, V. Gerasimov and I. Tanev, “Evolving 

Spatiotemporal Coordination in a Modular Robotic System”. In Proc. 
of the Nineth International Conference on Simulation of Adaptive 
Behavior - From Animals to Animats 9, Springer-Verlag, Germany, 
2006, pp 558-569. 

[22] R. Pfeifer, F. Iida and G. Gómez, “Morphological computation for 
adaptive behaviour and cognition”. In International Congress Series,
vol. 1291, pp. 22-29, 2006. 

2224 2009 IEEE Congress on Evolutionary Computation (CEC 2009)

Authorized licensed use limited to: UNIVERSITY OF PLYMOUTH. Downloaded on July 14, 2009 at 12:04 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


